Highly three-dimensional and complex flow structure in the tip gap between a blade tip and the casing leads to significant inefficiency in the aerodynamic performance of a turbine. The interaction between the tip leakage vortex and the main passage flow is a substantial source of aerodynamic loss. The present research deals with the effect of groove type casing treatment on the aerodynamic performance of a linear turbine cascade. Grooved casings are widely used in compressors in order to improve the stall margin whereas limited studies are available on turbines. In this study, various circumferential grooves are investigated using the computational approach for a single stage axial turbine blade. The specific HP turbine airfoil under numerical investigation is identical to the rotor tip profile of the Axial Flow Turbine Research Facility (AFTRF) of the Pennsylvania State University. The carefully measured aerodynamic flow quantities in the AFTRF are used for initial computational quality assessment purposes. Numerical calculations are obtained by solving the three-dimensional, incompressible, steady and turbulent form of the Reynolds-Averaged Navier-Stokes (RANS) equations. A two-equation turbulence model, Shear Stress Transport (SST) k-w is used in the present set of calculations. Current results indicate that groove casing treatment can be used effectively in axial turbines in order to improve the aerodynamic performance. Detailed flow visualizations within the passage and numerical calculations reveal that a measurable improvement in the aerodynamic performance of the turbine is possible using the specific circumferential grooves presented in this paper.
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INTRODUCTION
A gap is required between the rotating blades and the casing in order to allow the relative motion of the blade and to prevent the blade tip surface from rubbing in most turbomachinery systems. The overall aero-thermal performance in a turbomachinery system is strongly related to the leakage flow within the tip gap. The pressure difference between the pressure side and suction side of the blade results in the tip leakage flow which is three dimensional and highly complex. Approximately one-third of the aerodynamic losses in a rotor row is due to the leakage vortex (Mischo et al., 2008) . When the leaking fluid leaves from the tip gap, it rolls up into a distinct leakage vortex and interacts with the main passage flow including the secondary flows. For this reason, highly complex flow structures appear near the blade tip and lead to inefficiency in terms of aerodynamic performance. The leakage flow also does not contribute to work generation since the flow is not turned as the passage flow (Azad et al., 2002; Heyes et al., 1992; Krishnababu et al., 2009; Mischo et al., 2008) . In addition to the aerodynamic aspect, the leakage flow causes higher thermal loads on the blade tip platform (Azad et al., 2002; Key & Arts, 2006) .
There are many studies in the literature in order to clarify the physics of the tip leakage flow and to reduce its adverse effects on the aero-thermal performance of the turbomachines. Passive control methods applied to the blade tip such as cavity squealer, partial squealer, winglet and carved designs are widely investigated in order to minimize the effects of the leakage flow and secondary flows. Heyes et al. (1992) experimentally investigated the aerodynamic performance of partial squealer tips in a linear turbine cascade and obtained that suction side squealer tip geometries were effective in order to reduce the aerodynamic loss. Ameri et al. (1998) performed a numerical study on the effect of a cavity squealer tip design on fluid flow and heat transfer. It was noticed that cavity squealer tip reduced the leakage flow rate whereas an increase in the total heat transfer coefficient was observed compared to the flat tip. An experimental study by Azad et al. (2002) on 6 different squealer tips in a linear turbine cascade revealed that suction side squealer offered better aerothermal performance compared to cavity and pressure side squealer. Camci et al. (2005) experimentally studied the aerodynamic characteristics of partial squealer rims in a single-stage, large-scale, low-speed, rotating axial flow turbine research facility (AFTRF) of the Pennsylvania State University. They found a better aerodynamic performance in the case of suction side squealer instead of cavity squealer. Key and Arts (2006) compared the leakage flow characteristics of the flat and the cavity squealer tip geometries in a linear turbine cascade at low and high speed conditions. It was measured that squealer tip designs provided lower aerodynamic loss with respect to the flat tip under specified conditions. Newton et al. (2006) measured pressure coefficient and heat transfer coefficient in the tip gap for flat, suction side and cavity squealer tips in a linear cascade and supported their results with numerical computations. Their results showed that suction side and cavity squealer reduced the heat transfer to the blade tip. Kavurmacioglu et al. (2007) performed detailed numerical aerodynamic calculations for a partial squealer tip and obtained a decrease in aerodynamic loss compared to flat tip. A numerical investigation on different tip geometries by Krishnababu et al. (2009) indicated that cavity squealer reduced the aerodynamic loss and the heat transfer to the blade tip. Lee and Kim (2010) experimentally investigated the flow structure over a cavity squealer tip design in a linear cascade turbine. Their results indicated that cavity squealer was better than flat tip in reducing the leakage flow rate. Zhou and Hodson (2012) used experimental and numerical methods to study the aero-thermal performance of the cavity squealer tips and investigated the effects of the squealer width and height. Liu et al. (2013) conducted a numerical investigation on the flow and the heat transfer for pressure side, suction side and cavity squealer tip geometries. The calculations revealed that cavity squealer had minimum aerodynamic loss while pressure side squealer provided minimum heat transfer to the blade tip. Schabowski and Hodson (2014) found lower aerodynamic loss in the case of cavity squealer compared to the suction side squealer by their numerical and experimental studies. Hongwei and Lixiang (2015) studied the aerodynamic effects of various tip designs including pressure side, suction side and cavity squealer tip geometries in a low-speed turbine cascade. Experiments showed that cavity squealer tip provided lower aerodynamic loss. Maral et al. (2016) carried out a numerical investigation on the aero-thermal effects of squealer width and height of cavity squealer tips with a parametric approach.
Apart from the conventional turbine tip design approaches, there is also a passive control method which is widely used in axial compressors in order to improve the stall margin of the turbomachine (Cevik et al., 2016; Chen et al., 2014; Juan et al., 2016; Qin et al., 2014; Sakuma et al., 2014) . Studies indicate that the use of grooves which is defined as casing treatment increases the stable working condition of the compressors considerably. Grooves can be formed in different ways. Circumferential grooves correspond to the one of the most common designs. However, few studies are available on the axial turbines in the literature. To author's knowledge, the experimental study reported by Gumusel (2008) is one of the limited studies that investigates the effects of casing treatment in axial flow turbines. In this study, the effect of casing treatment on over tip leakage flow was investigated in the (AFTRF). They found that the curved casing treatment in axial direction reduced the leakage flow rate and the momentum deficit in the core of the leakage vortex. Gao et al. (2012) carried out a numerical investigation on the effect of a counter-rotating rotor casing so as to reduce the total aerodynamic losses in unshrouded turbines using the interaction between the tip leakage vortex and the passage vortex. They concluded that the casing contouring can be used efficiently in turbines to reduce the total aerodynamic loss despite an increase in local losses.
The present research deals with the aerodynamic effects of circumferentially grooved casing treatments for a high pressure axial turbine rotor. Different types of circumferential grooves are investigated in order to understand the flow physics in a linear cascade arrangement. Current results show that groove casing treatment can be used effectively in axial turbines in order to improve the aerodynamic performance. Numerical calculations and numerical flow visualizations within the passage reveal that improvements in the aerodynamic performance of a turbine can be achieved using circumferential grooves.
NUMERICAL METHOD
Definition
The axial turbine blade profile and turbine operating conditions used for the computations belongs to the Axial Flow Turbine Research Facility (AFTRF) at the Pennsylvania State University (Fig. 1) . The blade tip profile of the actual AFTRF rotor was used to create an extruded solid model of the axial turbine blade in a linear cascade arrangement. The chord based Reynolds number is calculated as 2.2x10 5 at the rotor inlet section. The computational domain was divided into two main grid blocks as passage and groove blocks in order to perform the non-conformal grid technique (Fig. 2) . The passage block consists of inlet, rotor and outlet blocks. The lengths of the inlet and the outlet block were 1.0C a and 3.0C a respectively. The total number of blocks in the passage block was 17. Creating a multi-block flow domain enabled to use the multizone method for grid generation in ANSYS Meshing. Multizone method, a type of blocking approach, uses automated topology decomposition and generates fully hexagonal grid where blocking topology is available. For the passage block H-Grid topology was applied but in order to resolve the boundary layer around blade walls an O-Grid topology was generated to keep the y + value at a reasonable level. Fully hexagonal elements were used to reduce the solution time and increase the accuracy. The number of elements for the passage block was 5.9 million with 110 layers in the spanwise, 100 layers in the pitchwise and 150 layers in the streamwise direction. In order to properly capture the flow characteristics within the tip gap, 40 layers were placed in the spanwise direction.
The groove grid was generated using hexagonal elements. It was appended to passage grid with non-conformal interface between two blocks as shown in Fig. 2 . Non-conformal grid method provides non-identical node locations between two adjacent interfaces and permits the cell zones to be easily connected to each other by passing fluxes from one mesh to another. Thus, different types of groove grids could be generated with significant time savings.
Boundary Conditions and Solver Setup
Boundary conditions were obtained from the AFTRF test rig measurements (Camci, 2004) . Mass flow inlet and static pressure outlet boundary conditions were imposed at rotor inlet and exit sections. The AFTRF related inlet mass flow rate imposed in the current computations was obtained from a measured inlet mean velocity profile as shown in Fig. 4.b . Further information about the rotor inlet boundary conditions could be obtained from Turgut and Camci (2016) . At turbine inlet, turbulence intensity and hydrodynamic length were defined as 0.5% and 0.11 m respectively. Maximum Mach number in the computational domain was such that the compressibility effects were neglected (M<0.3). No-slip and adiabatic conditions were applied on all cascade walls. Periodicity in the pitchwise direction was imposed and the casing was modeled as a stationary endwall. Numerical calculations were performed by solving the 3D, incompressible, steady and turbulent form of the Reynolds-Averaged Navier-Stokes (RANS) equations by introducing a finite volume discretization using the commercial code ANSYS Fluent 16.0. A fully turbulent flow is assumed throughout the computations. Pressure based coupled algorithm was used for pressurevelocity coupling. Flow in the tip gap has highly swirling character, so "Pressure Staggering Option" scheme was used for the pressure discretization. For the discretization of momentum, k and ω equations a second order upwind scheme was used. The two equation turbulence model SST k-ω was used. In order to use SST k-ω model, it is recommended to keep y + values smaller than 2. For all cases, y + was lower than the 1.5 around the blade profile at the 0.97h and its averaged value was 0.94, and therefore, y + condition was satisfied. The convergence level of the numerical solutions was monitored by residuals of governing equations, mass flow rate at the outlet and the total pressure loss coefficient ΔC p0 at 1.25C a . Convergence level of continuity, k and ω equations for the flat tip with and without casing groove were the order of the 10 -3 and 10 -4 respectively. Convergence level of velocity was the order of the 10 -5 . The change in mass flow rate between exit and inlet was less than 0.005% at the convergence. When convergence criteria was satisfied, after 200 more iterations ΔC p0 at 1.25C a was less than 1%
Grid Dependency Test
A grid dependency study was carried out for the flat tip without casing grooves. Various grid measures in the spanwise direction along the blade span and within the tip gap was defined in Tab. 2. From GR1 to GR4, grid structure was refined by increasing the number of layers in the rotor and tip gap regions in the spanwise direction. Accordingly, average y + at blade tip surface decreased from GR1 to GR4. In Fig. 3 , ΔC p0 variation with respect to average y + ave,tip values is shown. When average y + at the blade tip decreased from 6.5 to 1.9, the variation of ΔC p0 dropped below 1%. This test showed that the numerical calculations were less sensitive to the resolution of the grid. GR3 was selected as the baseline grid. Tab. 2 clearly shows that the selected case GR3's grid character generates a relative C p0 change of about 0.6% corresponding to an absolute total pressure change about 9.9 Pascal. This final value is well below a typical uncertainty accepted for experimental studies. 
Validation
For the validation of the current rotor blade related computations, extensive aerodynamic measurements obtained in the nozzle guide vane passages of AFTRF by Turgut and Camci (2016) are used in this paper. The validations were performed on the mid-span of the "matching NGV" of the rotor used in this study using the exact same computational solver with very similar grid characteristics. Fig. 4(a) presents the static pressure coefficient distribution C p at the midspan of the NGV airfoil. The computed C p results on airfoil mid-span surfaces are in very good agreement with the experimental measurements on the matching NGV of the AFTRF stage. Moreover, the measurements of the three velocity components are plotted in Fig. 4(b) along the spanwise direction at the rotor inlet plane. The measured axial, tangential and radial velocity components were obtained by a sub-miniature five-hole probe. The figure shows a very good agreement between the numerical predictions and the experimental measurements. In addition to their validation attributes, the measured and computed velocity components at the rotor inlet as shown in Figure. 4(b) are used in the determination of the inlet boundary conditions of the rotor blade profile in the linear cascade arrangement used in this paper. 
AERODYNAMIC INVESTIGATION
This section provides a detailed information about predicted flow characteristics and aerodynamic performance of casing treatment in the linear cascade arrangement of the AFTRF blade defined in the previous sections. The numerical results for the flow structure of flat tip is taken as the baseline model. The aerodynamic performance of the casing treatment applications is compared by calculating the total pressure loss coefficient, ΔC p0 at the exit plane located at 0.25C a downstream of the rotor blade trailing edge. The total pressure loss coefficient defined as,
where C p0 is total pressure coefficient. Total pressure coefficient defined as,
where P 01 is the mass averaged total pressure at the cascade inlet and U m is the mean blade speed at the midspan taken from AFTRF test rig. In Fig. 5 conceptual view of the single casing groove is given. The groove leading edge is located at 0.20Ca downstream of the blade leading edge. g and b represents the groove depth and width respectively. Tip clearance of the blade, τ/h is 2.0% for all cases, where h is blade height. 
Effects of Groove Depth
Numerical calculations were performed for 6 different groove depth-to-tip gap height ratios of g/τ as 0.00, 0.25, 0.50, 0.75, 1.00 and 1.25 for a single square CG. The leakage flow rates and the total aerodynamic losses are given in Tab. 3 and plotted in Fig. 6 . The leakage flow rate is calculated for a quantitative evaluation by forming a control surface aligned with the suction side of the blade which corresponds to the tip gap exit.
Numerical calculations indicate that the flat tip without casing grooves has the lowest leakage flow rate compared to the flat tip with casing groove. In other words, the performance of a single casing groove increased the leakage flow rate by about 1-2%. Considering that the leakage flow rate is directly related to the tip leakage loss according to Denton (1993) , the tip leakage loss is expected to be higher in case of higher leakage flow rates. The total aerodynamic loss in a rotor blade row can be divided into tip leakage loss, profile loss and secondary losses due to endwall boundary layer and passage vortex (Yaras & Sjolander, 1992; Zhang et al., 2016) . The total aerodynamic loss quantities given in Tab. 3 are the overall losses calculated at the exit plane. Results show that single casing grooves can improve the aerodynamic performance although tip leakage loss tends to increase due to increase in leakage flow rate. The higher leakage flow rates might be associated with increase in the tip gap at the casing groove location. The best improvement is obtained as 3.61% in the case of g/τ = 1.25. However, g/τ = 1.25 causes the highest leakage flow rate. Fig. 6 revealed that application of single square CG generally reduces the total aerodynamic loss compared to the flat tip without CG. Fig. 8(a) shows the formation and interaction of LV and TPV on the planes located at 0.27C, 0.35C, 0.43C, 0.59C for g/τ = 0.00, 0.25, 0.75 and 1.25. The TPV enlarges with groove depth and begins to interact with counter-rotating LV at 0.27C although there has not yet been a major interaction for the flat tip. It can be deduced that an earlier interaction between LV-TPV is observed because of the casing groove. The stronger TPV shifts the LV to the suction side, meanwhile, stronger interaction between LV and TPV weakens the TPV. As a result, this flow mechanism mitigates the momentum deficit. The weakest PV is observed in the case of the deepest groove. The vortex core regions are presented in Fig. 8(b) . The Q-criterion is used to visualize the vortex structures near the blade tip. Q-criterion is defined as the second invariant of the velocity gradient tensor and the positive values indicate the vortex regions (Hunt et al., 1998) . Interaction between LV and TPV can be clearly seen in Fig. 8(b) . This interaction starts earlier in the case of deep grooves compared to the flat tip.
Effects of Groove Number Numerical calculations were also performed to understand the effects of groove number. Groove number was increased from 1 to 3 with 0.5C a spacing for the square casing groove with g/τ =0.50. The reason of selection g/τ =0.50 is that it provides both lower leakage flow rate in addition to the lower overall loss compared to the g/τ =1.25. The results were given in Tab. 4. Leakage flow rate of the doubled CG was 0.01% lower than the flat tip without CG. The drop in aerodynamic loss compared to the flat tip without CG is 2.13%, 4.60% and 3.67% for single, doubled and tripled CG respectively. Increase in the number of grooves decreases the aerodynamic loss noticeably.
Tab. 4: Effects of groove number. In Fig. 9 , C p0 at 0.27C, 0.35C, 0.43C, 0.59C, 0.77C and 0.91C are plotted based on the number of grooves. Core of the leakage vortex becomes larger with increasing groove number whereas the tip passage vortex diminishes obviously seen in Fig. 9 . Increasing the groove number provided a substantial improvement in aerodynamic performance up to 4.60%. As stated earlier, the grooves plays an important role in weakening the passage vortex. 
Effects of Groove Shape
Effect of the groove shape is also investigated for the tripled CG for square, diverged and converged shapes. The specific groove geometries are shown in Fig. 10 including the flat tip without groove. Leakage flow rate of the square CG was 1.31% higher than the flat tip without CG, whereas converged CG and diverged CG are 0.72% and 0.60 lower in Tab. 5. Converged CG and diverged CG could reduce the leakage flow rate unlike the previous square designs. The decrease in total aerodynamic loss compared to the flat tip without CG is 3.67%, 2.78% and 3.83% for square CG, converged CG and diverged CG respectively. From the aerodynamic loss contour plots in Fig.  11 , diverged CG could reduce the size of the LV core compared to square CG and converged CG. Diverged case provides the best aerodynamic performance. 
CONCLUSIONS
A numerical study on the effect of groove casing treatment in a linear turbine cascade is performed. Grooved casings are widely used especially in compressors in order to improve the stall margin of the turbomachine whereas limited studies are available on turbines. In this research, different types of circumferential grooves are investigated using a computational approach in a linear cascade arrangement for a turbine rotor profile. After a comprehensive evaluation and assessment of the computational system implemented, detailed information about flow physics of the casing treatment implementation are discussed. The main findings of the paper are listed as follows:
(1) An assessment of the current computational approach against comprehensive aerodynamic measurements in the specific turbine AFTRF established very good confidence for the current computations.
(2) Effects of groove depth were investigated for a single square CG. Single square CG can be affective to reduce the overall loss in spite of the increase in leakage flow rate. It weakens the passage vortex substantially when compared to the flat tip. Casing grooves reduce the size of the "Leakage Vortex" LV in both spanwise and pitchwise directions compared to the grooved ones. However, using a "Casing Groove" CG enlarges the core of the leakage vortex. (3) Increasing the number of the grooves can be effectively used to reduce the total loss. (4) Converged and diverged grooves reduce both the leakage flow rate and the total loss noticeably different from square grooves. Tripled diverged CG provides the best aerodynamic performance. (5) Similar predictions of turbine CG configurations with the relative motion of the casing included is under progress.
